Abstract-The nonlinear scattering effects in optical fiber occur due to inelastic-scattering of a photon to a lower energy photon. This paper describes stimulated Brillouin scattering and stimulated Raman scattering processes. Their thresholds, reduction in power penalty and applications along with comparative study of these effects are also presented.
INTRODUCTION
The nonlinear scattering effects in optical fibers are due to the inelastic scattering of a photon to a lower energy photon. The energy difference is absorbed by the molecular vibrations or phonons in the medium. In other words one can state that the energy of a light wave is transferred to another wave, which is at a higher wavelength (lower energy) such that energy difference appears in form of phonons [1] . The other wave is known as the Stokes wave. The signal can be considered as pump wave. Of course, high-energy photon at the so-called anti-Stokes frequency can also be created if phonon of right energy and momentum is available.
There are two nonlinear scattering phenomenon in fibers and both are related to vibrational excitation modes of silica [2] [3] [4] [5] [6] [31] [32] [33] . These phenomenon are known as stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS). The fundamental difference is that, the optical phonons participate in SRS while SBS is through acoustic phonons. As a result of this difference, SBS occurs only in one direction i.e., backward while SRS can occur in both directionsforward and backward.
The nonlinear scattering processes cause disproportionate attenuation at high optical power levels. It also causes the transfer of optical power from one mode to other modes in forward or backward direction at different frequency. In fact the stimulated scattering mechanisms (SBS or SRS) also provide optical gain but with a shift in frequency. This paper is organized as follows:
Stimulated Brillouin scattering is discussed in Section 2. Its threshold, reduction in power penalty and applications are presented in subsections. The stimulated Raman scattering is given in Section 3. The threshold, reduction in power penalty and applications of SRS process are presented in subsections of this section. Both processes are compared under Section 4, and Section 5 presents comparison of scattering effects with Kerr effect. Finally, conclusion is given in Section 6.
STIMULATED BRILLOUIN SCATTERING (SBS)
Classically, the thermally generated density fluctuations of a material medium are responsible for scattering of light.
These density fluctuations result in compression and rarefaction regions within the medium, and may be considered as consist of two components, the propagating component and the non-propagating component. When a light wave is incident, scattering from the non-propagating component gives the central Rayleigh line and scattering from the propagating component results in Brillouin lines. There is finite width in Brillouin and Rayleigh lines. The propagating component of density fluctuations behaves as a sound wave of high frequency. The damping of such a wave in the material medium is responsible for finite width in Brillouin lines while non-zero lifetime of the non-propagating component produces width in Rayleigh lines.
Basic Theory
Brillouin scattering is a nonlinear process that can occur in optical fibers at large intensity. The large intensity produces compression (due to electric field also known as pump field) in core of fiber through the process known as electrostriction [1] . This phenomenon produces density-fluctuations in fiber medium. It increases the material disorder, which in turn modulates the linear refractive index of medium and results in an electrostrictive-nonlinearity [4] . The modulated refractive index behaves as an index grating, which is pump-induced. The scattering of pump light through Bragg diffraction by the pumpinduced index grating is called as Brillouin scattering. The disorder is time dependent so the scattered light is shifted (Brillouin shift) in frequency by the frequency of sound wave. For pulses shorter than 500 ps, there is no spatial overlap between the pulse and acoustic wave, which results in negligible electrostrictive nonlinearity [5] .
Quantum mechanically the Brillouin shift originates from the photon-phonon interaction, and associated Doppler displacement. In this interaction either a phonon is annihilated (Stokes process-positive Brillouin shift) or created (anti-stokes process-negative Brillouin shift).
Physical Process
For an oscillating electric field at the pump frequency ω P , the electrostriction process generates a macroscopic acoustic wave (involved phonons are coherent) at some frequency ω B . The Brillouin scattering may be spontaneous or stimulated (Figure 1(a) and 1(b) ). In spontaneous Brillouin scattering, there is annihilation of a pump photon, which results in creation of Stokes photon and an acoustic phonon simultaneously.
The conservation laws for energy and momentum must be followed in such scattering processes.
For energy conservation, the Stokes shift ω B must be equal to (ω P −ω S ), where ω P and ω S are frequencies of pump and Stokes waves. The momentum conservation requires k A = (k P − k S ), where k A , k P and k S are momentum vectors of acoustic, pump and Stokes waves respectively.
If v A is acoustic velocity then dispersion relation [6] can be written as
where θ is the angle between the pump and Stokes momentum vectors and modulas of k P and k S is taken as nearly equal. From above expression, it is clear that the frequency shift depends on angle θ. For θ = 0 • , shift is zero i.e., there is no frequency shift in forward direction (no Brillouin scattering). The θ = π represents backward direction and in this situation the shift is maximum. The maximum backward frequency shift (ν B = ω B /2π) is calculated from Equation (1) and the relationship
where n is the mode index. In single mode fibers, the spontaneous Brillouin scattering may occur in forward direction also. The reason behind this is that there is relaxation of the wave vector selection rule due to guided nature of acoustic waves. This process is known as guided acoustic wave Brillouin scattering [6] . In this case a small amount of extremely weak light is generated.
When scattered wave is produced spontaneously, it interferes with the pump beam. This interference generates spatial modulation in intensity, which results in amplification of acoustic wave by the electrostriction effect (elasto-optic effect). The amplified acoustic wave in turn raises the spatial modulation of intensity and hence the amplitude of scattered wave. Again there is increment in amplitude of acoustic wave. This positive feedback dynamics is responsible for the stimulated Brillouin scattering, which ultimately, can transfer all power from the pump to the scattered wave.
Brillouin Gain Spectrum
From the Brillouin gain spectrum, the dependence of gain on frequency can be described. The finite life time T B of acoustic phonons (the damping time of acoustic wave responsible for Brillouin scattering) is root cause of frequency dependence of the gain (g B ) [7, 8] . This is also a reason for small spectral width of the gain spectrum. The nature of decay of acoustic waves is exponential like exp[−t/T B ]. The Brillouin gain [9] may be written as
The peak value of Brillouin gain occurs at ω = ω B . The gain g B (ω) depends on many parameters like concentration of dopants in fiber, inhomogeneous distribution of dopants and the electrostrictive coefficient. Figure 2 describes the Brillouin gain spectra at pump wavelength 1525 nm for (a) silica-core fiber, (b) depress-cladding fiber and (c) dispersion shifted fiber (c). It may be observed from Figure 2 that the Brillouin shift [10] in case of fibers (b) and (c) is small as compared to fiber (a). The reason is the higher germania concentration in the fiber core of fibers (b) and (c). The inhomogeneous distribution of germania within the core of fiber (b) is responsible for double peak in Brillouin gain spectrum of fiber (b). 
Threshold Power
Taking into consideration the interaction between pump and Stokes wave, the initial growth of Stokes wave under CW and quasi-CW condition, can be written as
where g B is Brillouin gain coefficient, I P and I S are the pump and Stokes wave intensities respectively. The Brillouin scattering produces photons within the bandwidth of Brillouin-gain spectrum and hence all frequency components will be amplified. The frequency component for which g B is maximum, builds up rapidly and nature will be almost exponential. For pure silica, g B is maximum for frequency component which is downshifted from pump frequency by about 11 GHz.
Keeping in mind the fiber losses at Stokes frequency and counterpropagating nature of Stokes wave, the Equation (4) can be written as [6] dI
For pump wave the coupled equation can be given as
where α P is responsible for fiber losses at pump frequency. The feedback process responsible for Brillouin scattering [1] is controlled by two coupled equations, (5) and (6) . For simplicity one may consider ω P ≈ ω S and therefore α P ≈ α S ≡ α (due to small Brillouin shift). Now the coupled equations can be written as
and
In absence of fiber losses α = 0, Equations (7) and (8) can be reduced to,
This expression describes the conservation phenomenon on light energy during the Brillouin process. The threshold power is a minimum power level at which the effect of nonlinearity starts. It is incident power at which the pump and Stokes powers are equal at the fiber output.
In case where the Stokes power is much smaller than the pump power, one can assume that pump power is not depleted and therefore the term −g B I P I S in Equation (8) can be neglected.
The solution of above equation can be obtained as
where I P (z) and I P (0) are pump intensities at length z and at z = 0 respectively. Now from Equations (7) and (11), we have
Solution of this equation can be written as,
where L eff is effective length of interaction. It is slightly less than fiber length L because of pump absorption.
Equation (13) and Equation (11) can be written as (14) and
where intensities are related to power as P S = A eff I S and P P = A eff I P . The A eff is the effective core area of the fiber. The threshold power can be calculated from Equation (14) and Equation (15) . It can be approximated as [11] 
Here the value of polarization factor b lies between 1 and 2 depending on relative polarization of pump and Stokes waves [12] . Typically A eff ≈ 50 µm 2 , L eff ≈ 20 km and g B = 4 × 10 −11 m/W for an optical system at 1550 nm. With these values and taking b = 1, P th ≈ 1.3 mW. Because of such a low value of threshold level, the SBS process is a dominant nonlinear process in fibers.
The threshold power becomes just double if polarization factor b is taken equal to 2. The threshold power (P th ) depends mainly on the Brillouin gain (g B ). The fiber in homogeneousness affects g B and hence P th .The variation in dopant also affects SBS threshold power upto some extent.
When threshold is reached the effect of SBS on the signal power [13] is described by the Figure 3 . The Brillouin-scattered power and signal power transmitted is plotted as a function of signal input power. Upto the threshold power, the transmitted power increases linearly. When scattered power attains the value equal to threshold power, the transmitted power becomes constant and independent of input signal power.
Reduction in Power Penalty
When any nonlinear effect contributes to signal impairment, an additional amount of power is needed at the receiver to maintain the same BER as in absence of nonlinear effects.
There are many ways to reduce the power penalty due to SBS [14] [15] [16] . 1. Keep the power level per WDM channel much below the SBS threshold. In long-haul systems one may have to reduce the amplifier spacing.
2. The effect of small gain bandwidth of SBS phenomenon can be decreased by increasing the linewidth of the source used. The linewidth can be increased because of chirping effect by direct modulation of source laser. This may results in significant dispersion penalty, which can be reduced by suitable dispersion management. 3. Phase modulation methods in place of amplitude modulation methods reduce the power present in optical fiber, which in turn reduces the SBS penalty.
Applications of SBS Phenomenon
Normally SBS puts limitations on optical communication systems, but with suitable system arrangement it can be useful for making many optical devices. These are described below.
Fiber Sensors
The fiber sensors are capable of sensing the temperature and strain over long distances [17, 18] . Whenever there is change in temperature or strain, the refractive index of silica changes in response to such variations. This change produces change in Brillouin shift. By registering the change in Brillouin shift the distribution of temperature and strain over long distances can be obtained. Sometimes such sensors are also known as distributed fiber sensors.
Several methods have been introduced to improve sensing performance in four key areas: spatial resolution, measurement accuracy, total sensing length and measurement-acquisition time. These factors are generally interrelated and improvement in one factor may results in degradation in one or more of the others. Darkpulse Brillouin optical time domain analysis (BOTDA) technique [34] provides improved resolution, accuracy and acquisition time over conventional BOTDA systems without the severe limitations on sensing length often imposed by other high-resolution techniques.
Brillouin Fiber Amplifiers
The optical gain in SBS process can be utilized in amplification of weak signal provided the frequency shift of weak signal from pump frequency is equal to Brillouin shift. In Brillouin fiber amplifier (Figure 4 ), a part of pump power is transmitted to signal through the SBS process and hence amplification in signal power occurs [19] .
When power level inside silica fiber exceeds the threshold level (P th ), the stimulated Brillouin scattering starts due to a positive feedback dynamics set up inside the fiber medium. This dynamics results in amplification of the signal. The Brillouin fiber amplifiers are less suitable as power amplifier, preamplifier or in-line amplifier in lightwave systems due to their narrow bandwidth [8] .
But this characteristic is advantageous in coherent and multichannel communication systems. It is this feature, which is exploited in selective amplification and in tunable narrow band optical filter for channel selection.
Brillouin amplification can be exploited in generation of slow light in a short length of highly nonlinear bismuth-oxide fiber. A five-fold reduction in group velocity for about 200 ns pulse can be obtained by using 2 m of fiber [35] .
Beam Combiner
Stimulated Brillouin scattering (SBS) can be exploited in passive combination of multiple beams in a fiber [36] . Four off-axis beams are combined in a long multimode optical fiber using a novel all-optical mount. The beam that comes out has spatial coherence properties of LP 01 mode. By using off-axis pumps, the threshold of SBS can be raised several times in comparison to on-axis pump beams. This method may be helpful in increasing the brightness of array of fiber amplifiers.
Pulse Delaying and Advancement
The stimulated Brillouin scattering process is helpful in controlling the group velocity of an optical pulse as it travels along fiber [37, 38] . The changes in group index of 10-3 in several kilometer length of fiber have been achieved experimentally. This leads to pulse delaying and advancement in the range of tens of nanoseconds. These group delay changes can be obtained in conventionally used optical fibers.
Pipeline Buckling Detection
For the pipe with internal pressure, concentric load, and bending load, a localized pipe-wall buckling takes place away from the middle of the pipe. A distributed Brillouin fiber sensor can be used to detect localized pipe-wall buckling in an energy pipe [39] . This can be achieved by measuring the longitudinal and hoop strain distributions. The locations of such buckling are found and distinguished using strainload data. 
STIMULATED RAMAN SCATTERING
The Raman scattering effect is the inelastic scattering [1] of a photon with an optical phonon, which originates from a finite response time of the third order nonlinear polarization [20] of the material. When a monochromatic light beam propagates in an optical fiber, spontaneous Raman scattering ( Figure 5(a) ) occurs. It transfers some of the photons to new frequencies. The scattered photons may lose energy (Stokes shift) or gain energy (anti-Stokes shift). If the pump beam is linearly polarized, the polarization of scattered photon may be the same (parallel scattering) or orthogonal (perpendicular scattering). If photons at other frequencies are already present then the probability of scattering to those frequencies is enhanced. This process is known as stimulated Raman scattering ( Figure 5(b) ).
In stimulated Raman scattering, a coincident photon at the downshifted frequency will receive a gain. This feature of Raman scattering is exploited in Raman amplifiers for signal amplification.
Basic Theory
Raman scattering is a weak effect in comparison to Rayleigh scattering. It occurs due to slight modulation of the refractive index through molecular vibration of material [2, 15] . A photon with energyhω P traveling through a material can excite a vibrational transition of the material forming optical phonon with energyhω V and a photon with slightly reduced energyhω S (Figure 6 ) such that:
The modulation in refractive index is taken into account through discussion of polarizability of material in case of Raman scattering process. To understand this, the classical model of Raman scattering may be a simple way. In this model, it is assumed that electrons are attached to an atom through a spring, and the strength of the spring is assumed to depend on the position of the atom. If atom is in vibrational motion with angular frequency ω V , then spring constant is modulated at angular frequency ω P . If a light wave of angular frequency ω P propagates through the material, the motion of electron will be amplitude modulated sinusoidal motion. Therefore the radiation generated by the electron will also be amplitude modulated. This radiation has components ω P ± ω V corresponding to Stokes and anti-Stokes Raman scattering.
When a light wave with angular frequency ω is incident on the material, the electric field vector will induce a dipole moment p such that:
where α is molecular polrizability and E is electric field vector. The α measures the resistance of the particle to the displacement of its electron cloud. For harmonic electric field E(t) = E 0 exp(jω P t), the variation of α with time can be written as
Here dx(t) is the displacement from the equilibrium molecular length
Now, p(t) = α(t)E(t)
Using Equations (18) and (19) , p(t) can be obtained as
The polarization vector P is defined as dipole moment per unit volume. If there are N dipoles per unit volume then,
This expression consists of two parts. The first part corresponds to linear optical phenomenon, and relative to incident radiation, it remains unshifted. The second part is nonlinear because the output frequency is different from input one. The scattered light with lower energy (hω S <hω P ) corresponds to Stokes scattering (Figure 7(a) ) and with higher energy (hω A >hω P ) one has anti-Stokes scattering phenomenon (Figure 7(b) ). In thermal equilibrium situation, because of greater population of the ground state in comparison to vibrational state, the Stokes scattering dominates. At low illumination levels, the spontaneous Raman scattering occurs because in this situation molecules contributing to the process are vibrating independently and hence scattered light is non-directional. But when the intensity level becomes high the molecules may be considered as an array of vibrating oscillators and the generated photons aligned in phase or behave coherently. This results in stimulated Raman scattering (SRS).
The Raman Process
In quantum mechanical picture, Raman effect is a process, which involves double quantum molecular transition. In most frequent Stokes scattering process, the energy of incident photon (hω P ) is reduced to lower level (hω S ) and difference energy is transferred to molecule of silica in form of kinetic energy, inducing stretching, bending or rocking of the molecular bonds [21] . The Raman shift ω R (= ω P − ω S ) is dictated by the vibrational energy levels of silica.
The Stokes Raman process is also known as the forward Raman process (Figure 7(a) ) and the energy conservation for the process is
where E g and E f are ground state and final state energies respectively.
The absorption of incident photon, the emission of scattered photon and transition of the molecule to excited state occurs simultaneously in one step. Therefore, Raman process may be considered as a single step process, which makes stimulated Raman effect possible whenever sufficient numbers of Stokes photons are created. At this juncture it is worth to mention that, in step wise transitions, the absorption and emission of photons occur through two consecutive single quantum transitions via a third molecular energy level. Such transitions are associated with complete disruption of the phase of a molecule after each act of absorption and emission of a single quantum.
The Figure 8 explains composite stimulated Raman scattering. The nonlinear polarization causes an electron to be excited to an upper virtual state. The energy and hence frequency of optical phonon is dictated by the material concerned so, it may be predetermined. The selection of different pump frequencies results in stimulated emission at many frequencies. It is this feature, which is exploited for amplification in WDM systems through Raman amplifier [22] .
The stimulated scattering can transfer photons from signal to pump wave as well as from pump to signal wave. There is net transfer of photons from pump to signal (gain coefficient is positive and signal is amplified) in case of Stokes scattering, while in case of anti-Stokes scattering net transfer of photons from signal to pump occurs. In this case gain coefficient is negative and there is attenuation (Inverse Raman Effect) in signal strength. Sometimes growth in anti-Stokes scattering is also observed but it is actually due to fourwave mixing phenomenon. It is this growth, which is responsible for a powerful spectroscopic technique known as coherent anti-Stokes Raman scattering (CARS).
Both Stokes and anti-Stokes scattering are temperature dependent [23] processes with following properties.
1. The anti-Stokes scattering is weaker than the Stokes scattering process. 2. The Stokes and anti-Stokes scattering strength increases with temperature. 3. The strength of Stokes scattering rises to a constant value and the strength of anti-Stokes scattering decays to zero at low temperature.
4. The anti-Stokes scattering strength approaches to Stokes scattering strength at high temperatures. 5. The Stokes scattering may occur at zero Kelvin but anti-Stokes scattering does not happen at zero Kelvin.
SRS Spectrum
With classical electromagnetic concepts, the growth of stimulated Raman scattered signal intensity [1] is proportional to the product of the pump (I P ) and signal (I S ) intensities such that
here g R is known as Raman-gain coefficient. In order to generate stimulated emission, Stokes and pump waves must overlap spatially and temporally. The Raman-gain coefficient g R is related to cross-section of spontaneous Raman scattering. The probability of a Raman scattering is proportional to the number of photons in pump wave per cross-sectional area and Raman cross-section. The material properties determine almost entirely the frequency spectrum of Raman cross-section because the Raman process is related to vibrational modes of the molecules of material. In crystalline materials, the Raman scattered light has a narrow bandwidth. The silica, which is main constituent of optical fiber, is amorphous in nature. The vibrational energy levels of such materials are not sharp but merge together and form a band [24] . In such a situation the Stokes frequency (ω S ) may differ from pump frequency (ω P ) over a wide range. Two major peaks occur at 13 THz and 15 THz for Raman shift ω R = ω P − ω S . For this shift, some miner peaks are also present in spectrum [25] . Therefore, the amorphous nature of silica is responsible for large bandwidth and multipeak nature of spectrum ( Figure 9 ). This extension of Raman-gain over broad range in silica fiber [26] is exploited in broadband Raman amplifiers.
Threshold Power
The initial growth in stokes wave is given by Equation (23) . Considering the fiber losses, the net growth in Stokes wave is written as
where α S is attenuation coefficient. For pump wave the coupled equation can be written as
Equations (24) and (25) are known as coupled wave equations for forward Raman scattering process [6] . In case of backward SRS process, Equation (25) remains same but in Equation (24) a minus sign must be added to dI S /dz. This set of equation is similar to SBS process. The coupled equations for forward and backward SRS process may be understood phenomenologically by keeping in mind the processes through which photons appear in or disappear from each beam. In absence of losses due to fiber, Equations (24) and (25) can be reduced to d dz
This equation dictates the conservation law on total number of photons in pump and Stokes waves during the SRS process.
The stimulatation occurs in Raman process when pump power exceeds a certain power level known as threshold power. In order to grow the stimulated scattering, the stimulated gain must exceed linear loss. In fact this is the origin of threshold power.
SRS can occur in both directions i.e., forward and backward direction in optical fibers. The beat frequency (ω P − ω S ) drives the molecular oscillations. These oscillations are responsible for increment in amplitude of scattered wave which in turn enhances the molecular oscillations. In this way a positive feedback loop is setup. It results in SRS process. The feedback process is governed by coupled Equations (24) and (25) .
In case of forward SRS process the pump depletion can be neglected for estimating the Raman threshold [11] . Therefore first term on right hand side of Equation (25) can be neglected.
Solution of this equation can be written as
With Equation (24) and (28) we may have,
where effective length,
. Practically, SRS builds up from spontaneous Raman scattering occurring throughout the fiber length. The Stokes power can be calculated by considering amplification of each frequency component of energyhω according to Equation (29) and integrating over the whole range of Raman-gain spectrum, i.e.,
The main contribution to the integral comes from narrow region around the gain peak. So using ω = ω S , above equation can be written as
In terms of power, the Equation (28) may be written as under
where P 0 = I 0 A eff is input pump power and A eff is effective core area. The Raman threshold is also defined as the input pump power at which the Stokes power becomes equal to the pump power at the fiber output. So,
With assumption α = α S , the threshold condition may be approximated [11] by using Equation (31) and (33) .
Exactly a similar analysis can be carried out for backward SRS, and threshold power can be approximated as
Clearly the threshold for forward SRS is reached first at a given pump power. The backward SRS is generally not observed in fibers.
The Equation (34) is derived by using many approximations, but it is able to predict the Raman threshold quite accurately. For a typical optical communication system at 1550 nm, A eff ≈ 50 µm 2 , L eff ≈ 20 km and g R ≈ 6 × 10 −14 m/W. With these values Equation (34) predicts P th ≈ 570 mW. As channel powers in optical communication systems are typically below 10 mW, SRS process is not a limiting factor for single-channel lightwave systems. However it affects the performance of WDM systems considerably.
Reduction in SRS Penalty
Many schemes can be applied for reduction of power penalty in SRS process [14, 15] , such as, 1. Presence of dispersion reduces the SRS penalty. In presence of dispersion, signals in different channels travel at different velocities and hence reducing chances of overlap between pulses propagating at different wavelengths. 2. By decreasing channel spacing SRS penalty can be reduced. 3. The power level should be kept below threshold level which requires the reduction in distance between amplifiers [27] . The SRS imposed limitations on the maximum transmit power per channel is shown in Figure 10 . 
Applications of SRS Phenomenon
The SRS process is exploited in many applications, which includes, Raman Fiber Laser Fiber based Raman lasers [28, 29] are developed by employing the SRS phenomenon. The Figure 11 shows a schematic of Raman laser. The partially reflecting mirrors M 1 and M 2 form a Febry-Perot cavity. Inside the cavity a piece of single mode fiber is placed in which SRS process occurs due wavelength-selective feedback for the Stokes light. This results in intense output. The spatial dispersion of various Stokes wavelengths allows tuning of the laser wavelength through an intracavity prism. The Raman amplification during a round trip should be as large as to compensate the cavity losses, and this determines the Raman threshold power. Higher-order Stokes wavelengths are generated inside the fiber at high pump powers. Again these wavelengths are dispersed spatially by the intra-cavity prism in association with separate mirrors for each Stokes beam. Such kind of Raman laser can be operated at several wavelengths simultaneously.
Raman Fiber Amplifier
The SRS phenomenon may be applied to provide optical amplification within optical fibers. The SRS process in fiber causes energy transfer from the pump to the signal. The Raman amplification may occur at any wavelength as long as appropriate pump laser is available. There are three basic components of Raman amplifier: pump laser, wavelength selective coupler and fiber gain medium. A schematic diagram is shown in Figure 12 . Raman amplification exhibits advantages of self phase matching and broad gain-bandwidth which is advantageous in wavelength division multiplexed systems [30] . Raman amplification may be realized as a continuous amplification along the fiber which let the signal never to become too low. Raman amplifier is bidirectional in nature and more stable.
Eye-Safe Laser
Fundamentally eye-safe laser utilizes stimulated Raman scattering phenomenon. Using a special s-polarized reflective resonator, a beam of an eye-safe laser with 31.8 mJ output energy and 2.0 ns pulse width can be obtained [40] . In such resonator configuration the length of the Raman resonator is shorter than the fundamental radiation resonator. Such eye-safe laser has the highest output energy and shortest pulse width among the Nd:KGW lasers.
COMPARISON OF RAMAN AND BRILLOUIN PROCESSES
Inspite of many similarities between SBS and SRS, the SBS differs from SRS in several ways.
1. The Brillouin scattering occurs due to Bragg type scattering from propagating acoustic wave, i.e., bulk motion of large number of molecules are involved. The Raman scattering is result of individual molecular motion. 2. The SBS occurs only in backward direction whereas SRS can occur in both directions, i.e., forward and backward. 3. Brillouin shift originates from the photon-acoustic phonon interaction while Raman shift is due to photon-optical phonon interaction. The SBS Stokes shift is smaller by three orders of magnitudes as compared to SRS Stokes shift. 4. The Brillouin gain bandwidth is extremely narrow in comparison of Raman gain bandwidth. 5. The threshold power level for SBS is quit low to that of SRS. 6. The Raman scattering process is isotropic and occurs in all directions whereas it is not so in case of Brillouin scattering. 7. The strength of Raman scattering is independent of the disorder of the material, but Brillouin scattering depends on the disorder of the material.
COMPARISON OF KERR AND SCATTERING EFFECTS
Kerr and scattering nonlinear effects are compared as under.
1. Kerr-nonlinear effects are due intensity dependence of refractive index, whereas this does not happen in case of nonlinear scattering effects. 2. Kerr-nonlinearities are elastic in the sense that they involve no energy transference. Nonlinear scattering effects are inelastic, i.e., energy transfer occurs from pump wave to Stokes wave. 3. No population inversion is needed in case of Kerr-nonlinear effects, while it is needed for nonlinear scattering effects (SRS and SBS). 4. Characteristics of the medium determine the features of the scattering effects, but in general, such is not case for Kerrnonlinear effects.
CONCLUSION
Stimulated Brillouin and stimulated Raman scattering phenomenon is discussed. Normally both phenomenon put limitation on optical systems. But with suitable system arrangement they can be exploited in many applications. Typical threshold power for SBS is about 1.3 mW while for SRS, it is about 570 mW. The typical value of channel power in optical systems is below 10 mW. Therefore, SRS is not a limiting factor for single-channel lightwave systems while SBS puts limitations on such systems.
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